Abstract. Flagellar axonemes of sea urchin sperm display high-frequency (ti300 Hz) vibration with nanometer-scale amplitudes in the presence of ATP (Kamimura, S., and R . Kamiya . 1989. Nature (Lord.) . 340: 476-478) . The vibration appears to represent normal mechanochemical interaction between dynein and microtubules because the dependence of the frequency on MgATP concentration is similar to that of the axonemal motility, and because it is inhibited by micromolar concentrations of vanadate . In this study a two-dimensional photo-sensor was used to characterize this phenomenon in detail . Several new features were revealed . First, the vibration was found to be due to a backand-forth movement of the doublet microtubules along the axonemal length . Two beads attached to different T HE beating of cilia and flagella is a result of interdoublet sliding driven by dynein arms (Gibbons, 1981) . The oscillatory movement of an axoneme with a regular waveform must be produced by controlled activation and inactivation of specific dynein arms, but the mechanism for this control has been unknown . Currently prevailing theories postulate that the activity of dynein arms is controlled by the mechanical state of axoneme, such as curvature, which in turn is determined by the activity of dynein arms; axonemes oscillate because of this feedback (Brokaw, 1985) . However, it remains possible that dynein arms have an intrinsic tendency to oscillate, and this nature of dynein somehow gives rise to the beating movement of the axoneme (Brokaw, 1990) .
T HE beating of cilia and flagella is a result of interdoublet sliding driven by dynein arms (Gibbons, 1981) . The oscillatory movement of an axoneme with a regular waveform must be produced by controlled activation and inactivation of specific dynein arms, but the mechanism for this control has been unknown . Currently prevailing theories postulate that the activity of dynein arms is controlled by the mechanical state of axoneme, such as curvature, which in turn is determined by the activity of dynein arms; axonemes oscillate because of this feedback (Brokaw, 1985) . However, it remains possible that dynein arms have an intrinsic tendency to oscillate, and this nature of dynein somehow gives rise to the beating movement of the axoneme (Brokaw, 1990) .
By using an optical device that can detect one-dimensional subnanometer displacements of polystyrene beads, we have recently found a novel phenomenon that appears to be important when considering the mechanism of axonemal motility : an ATP-dependent nanometer-scale vibration in fragmented axonemes at frequencies as high as 300 Hz (Kamimura and Kamiya, 1989) . The vibration frequency depended on the MgATP concentration in a mannerconsistent with MichaelisMenten kinetics. The Kmvalue was similar to those obtained from the ATPdependence of thebest frequency of reactivated axonemes (Brokaw, 1967; Gibbons and Gibbons, 1972 ; Gibbons et al., 1982) and of the microtubule sliding velocity in © The Rockefeller University Press, 0021-9525/92/03/1443/12 $2 .00 The Journal of Cell Biology, volume 116, Number 6, March 1992 1443-1454 parts of the same axoneme vibrated in unison, i .e., synchronized exactly in phase . This suggested that the outer doublet can be regarded as a stiff rod in vibrating axonemes . Second, evidence was obtained that the amplitude of the vibration reflected the number of active dynein arms. Third, under certain conditions, the vibration amplitude took stepwise values of 8 x N + 4 nm (N = 0, 1, 2, 3, or 4), indicating that the amplitude of microtubule sliding was limited by the size of tubulin dimer (8 nm) or monomer (4 mn) . To explain this phenomenon, a model is presented based on an assumption that the force production by dynein is turned off when dynein is subjected to tensile force; i .e ., dynein is assumed to be equipped with a feedback mechanism necessary for oscillation . disintegrating axonemes (Yano and Miki-Noumura, 1980 ; Tàkahashi et al., 1982) . Vanadate, a potent inhibitor of the dynein ATPase (Gibbons et al ., 1978 (Gibbons et al ., , 1985 Kobayashi et al ., 1978) , blocked the vibration completely at micromolar concentrations . These observations indicate that the highfrequency axonemal vibration is closely related to the function of dynein, although the molecular mechanism that produces such a vibration is unknown .
Since the high frequency vibration has amplitudes on the order of the size of tubulin and dynein, we may expect that analyses of it will provide information about the elementary process of force production by these molecules . Thus we examined this phenomenon in detail using an improved analogue photo-sensor that can detect nanometer-scale displacements in two dimensions . We also analyzed the effects ofdynein inhibitors . Our study not only refined the previous observations, but also revealed several novel features. In particular, under certain conditions, the vibration amplitude was found to have discrete stepwise values that reflected the size of tubulin .
Materials and Methods

Axoneme Samples
Spawning of male sea urchin (Hemicentrotus pulcherrimus or Anthocidaris crassispina) was induced with 0 .5 M KCI . Dry sperm was collected and kept refrigerated until use .
The procedure for demembranation was as described (Gibbons and Gibbons, 1972) . Briefly, 5 WI of dry sperm was diluted with 50 pl of natural sea water, and then added to 200 pl of demembranating medium (0.04% [wt/vol] Triton X-100, 150 mM KCI, 2 mM MgSO4, 1 mM EDTA, and 1 mM DTT and 10 mM Tris-HCI, pH 8.0, 4°C) . After being swirled gently for 30-60 s, the suspension of demembranated spermatozoa was diluted to -1,000 td with a standard buffer solution containing 20 mM Tris-HCl (pH 8.0), 200 mM K-acetate, 2 mM MgSO4 , 0.5 mM EGTA, 0.1 mM EDTA, and 1 mM DTT. This diluted suspension was used as the sample of flagellar axonemes .
Chemicals
ATP was purchased from Boehringer, Mannheim, Germany. Polystyrene microbeads of carboxylated type (diameter 0.9 pm, no . 8226) and amino type (diameter 1 .12 /Am, no. 17010) were from Polyscience Co., Warrington, PA .
Microscope and Specimen
A Nikon Optiphoto phase-contrast microscope with a reverse-contrast objective (Plan ApoDF x100, NA 1 .4, Nikon-Engineering, Tokyo, Japan ; or SPlan x100NH, NA 1 .25, Olympus, Tokyo, Japan) was used for detection of the nanometer-scale vibration . The light source was a 150 W tungstenhalogen lamp powered by stabilized DC. The microscope specimen stage was specially designed so that its position can be electrically controlled in x-and y-directions by means of a pair of linear actuators driven by servo DC motors (LA-30-10-C ; Harmonic Drive Systems, Tokyo, Japan) and a pair ofpiezoelectric actuators (PSt 1000/5/5 ; Dr. Lutz Pickelmann, Munich, Germany) . The microscope was placed on an air-damping table (MeiritsuSeiki, Tokyo, Japan) ( Fig . 1 A) .
For observation of microbeads attached to the flagellar axonemes, the suspension of demembranated sperm was first introduced into the space between a glass slide and a cover slip held -0.8 mm apart with a pair of cover slip strips (No. 0 thickness) . After standing for 2-3 min, the sample chamber was perfused with the standard buffer solution to wash out the flagellar axonemes that were not attached to the glass surface . Microbeads were then attached to the axonemes stuck to the glass surface by perfusion with 0.025% (wt/vol) suspension in the standard buffer. When the microbead suspension permeated the entire area of the perfusion chamber the sample was kept standing for 2-3 min . During this time some fraction of the beads became attached to the axoneme . Free microbeads were washed out by perfusion with buffer. The high frequency vibration was then induced by perfusing the sample chamber with buffer solutions containing appropriate concentrations of ATP. Usually the vibration was observed in 1/5 to 1/3 of the total microbeads attached to the axoneme . Because the vibration stably lasted for more than 30 min, we were able to take data on a single microbead while successively changing solution conditions by repeated perfusion .
To attach axonemes to the glass surface firmly, cover slips were coated with poly-L-lysine (mean mol wt >300,000, no. P-1024 ; Sigma Chemical Co.) ; a surface was placed on 0.02 % aqueous solution, washed, wiped, and dried in the air.
Analogue Sensor for Two-dimensional Measurement
The photo-detector used to measure the displacement of microbeads was essentially based on the one reported previously (Kamimura, 1987; Kamimura and Kamiya, 1989 ) . An important difference is that the new device detects two-dimensional displacements rather than one-dimensional ones .
The magnified image of a microbead was projected onto a quadrant-type photodiode (model S1557 ; Hamamatsu Photonics, Hamamatsu, Japan) placed on the back focal plane of the microscope. The photo-sensing area of the quadrant photodiode was 1 .0 mm in diameter . The final magnification of the image on the diode was 780X .
The intensity of the light coming into each quadrant area (a-d) was measured separately with four current-voltage converters (model OPAL 11-CM ; Burr-Brown, Tucson, Arizona) . Feedback resistors of 2 G ohm were used. The amplifier (Fig . 1 B) yielded two output signals, (a + b) -(c + d) and (a + d) -(b + c), corresponding to the displacements in x-and y-directions, respectively. The output signals were fed into an active low-pass filter (cut-off frequency = 1 kHz) to reduce noise . The output was linear with the displacement of the microbead as long as the magnified image was positioned near the center of the photo-sensing area . The magnitude of the meaThe Journal of Cell Biology, Volume 116, 1992 surable displacement was typically -500 nun, which depended on the size of the microbead .
Throughout the present study we selected axonemes whose longitudinal axes were oriented in the x-direction of the two-dimensional sensor. This direction was determined by the flow, with which the axonemes tended to be oriented . Thus, the x-and y-outputs of the sensor in the present study represent the displacement in the longitudinal and lateral directions of an axoneme . To determine whether the motions of two microbeads attached to the same axoneme are correlated with each other, we analyzed the autoand cross-correlation functions between their movements . In such cases the microscope image was split into two by a half mirror, and the motions of the two microbeads were independently analyzed with two photo-sensing apparatuses (Fig . 1 A) .
Calibration of the Output
Calibration of the output against known amounts of displacement was first carried out using a pinhole of I km diameter. The pinhole was placed under a 20x objective (SPlan, Olympus) and observed with conventional brightfield illumination . A magnified image (141x) of the pinhole was projected onto the photodiode sensor as in the case of microbeads . The output voltage from the sensor was recorded after the sensor was displaced by a micrometer screw by various lengths in a 30-60-wm range . The output was almost linearly related to the displacement of the sensor as described previously (Kamimura, 1987) , and from this relationship we calibrated the output against unit displacement of the sensor (mV/pm) . Dividing it by the magnification of the pinhole image yielded the sensor output per unit displacement of the pinhole (mV/nun) . Next, the microscope stage was displaced in a nanometer range by a piezoelectric actuator driven by square pulses of a known voltage. From the output and the previous calibration (mV/nm) we determined how much the piezoelectric actuator displaced the stage on which the pinhole was placed . It was usually 12-15 ntn/V varying somewhat with the mechanical adjustment of the friction of stage . This calibration was carried out before and after a series of experiments . To determine the sensitivity of the optical sensor in actual measurement with microbeads, pulses of a known voltage (0.5-1 V) were applied to the piezoelectric actuator during the measurement . Since we knew how much displacement was caused by the actuator at a given applied voltage, we were able to determine the amount of displacement from the output .
Data Analysis
Both x-and y-outputs were introduced into a computer (PC9801RX ; NEC, Tokyo, Japan) through an analogue-digital converter (ADX-98 ; Canopus Electronics, Kobe, Japan) and analyzed with a fast-Fourier-transform (FFT) program (Signas, Canopus Electronics) . The sampling rate of the analoguedigital converter was 2-50 kHz . The outputs of the sensor were also recorded with a digital-audio-tape (DAT) recorder (500ES ; SONY, Tokyo, Japan) for further analyses.
Correlation between x-and y-outputs of the sensor was calculated using data sampled at 50 kHz for 20.48 ms (1,024 points) . Auto-or crosscorrelation functions were averaged from calculations with ten different sets of such data .
For the analysis of the amplitude distribution in the output of the sensor, a computer program was written to detect the peak value. A peak maximum was defined as a point before and after which the output decreased or increased monotonically for at least six data points (corresponding to 0.6 ms) .
Results
Precision Measurement of Microbead Motion in Two Dimensions
As we have described in the previous study using a onedimensional sensor (Kamimura and Kamiya, 1989) , the differential output from a pair of photodiodes can detect a displacement of a microbead with a spatial resolution better than a nanometer and a time resolution of tit ms. The most important factor that determined the spatial resolution was mechanical noise. Fig . 2 shows the amplitude and frequency distribution of noise present in our system in three cases : (a) no light was introduced into the sensor (Fig. 2, A Hz was difficult to eliminate . However, we could distinguish it from the axonemal vibration in FFT spectra because the mechanical noise displayed characteristic sharp peaks at constant frequencies with amplitudes <1 nm . The magnitude of the mechanical noise varied from one experiment to another. The exact reason for this variation is unknown, but it is likely that the vibration of laboratory building is the most important factor. Because of these noises, the precision with which our apparatus can measure the microbead displacement was limited to 0.5-2 run . In averaged FFT spectra, however, displacements as small as the level of shot noise, i .e., -0.05 nm, can be detected if the movements repeat at a constant frequency.
Movements of Microbeads Attached to Reactivated Axonemes
Microbeads attached to the axonemes of sea urchin sperm flagella displayed a regular vibration in the presence of ATP as has been described in our previous report (Kamimura and Kamiya, 1989) . In the previous study we used axoneme fragments detached from sperm heads, because we wanted to examine axonemes lacking the ability to beat . We found, however, that essentially identical results could be obtained with axonemes of intact length, attached to sperm heads, provided that they adhered to the glass surface and did not beat . Hence, in this study, we used demembranated sperm without fragmenting them.
The vibration frequency depended on the ATP concentration in a manner consistent with Michaelis-Menten kinetics, as observed before (Kamimura and Kamiya, 1989) . The apparent Km value and the maximal frequency measured with six axonemes were within ranges of 0.06-0.11 mM MgATP and 330-430 Hz (at 21-25°C), respectively. These values agreed with those in the previous study. It should be noted that although the ATP concentration affected the vibration frequency, it had only a minor difference on the amplitude of the vibration (see Kamimura and Kamiya, 1989, for example) .
The records of vibration indicated that the movement of a bead can be regarded as regular vibration superimposed on a random motion (see below) . When ATP was depleted, the amplitude of the random motion decreased in the x-direction parallel to the axoneme axis, as well as in the y-direction perpendicular to it (data not shown) . The depletion of ATP thus increased the stiffness of the axoneme, in agreement with previous reports (Gibbons and Gibbons, 1974 ; Okuno and Hiramoto, 1979) . The ATP-depleted axoneme vibrated again when 1 mM ATP was introduced .
Effects ofInhibitors
The high frequency vibration was inhibited by drugs known to inhibit axonemal motility. Fig . 3 shows the effect of vanadate, a potent inhibitor ofdynein ATPase. The effect of vanadate resembles that of lowered ATP concentrations in that both decrease the rate of ATP hydrolysis, but their effects on the high frequency vibration differed strikingly. Unlike low ATP concentrations, up to 1 p,M of vanadate reduced the peak height in the FFT spectra with little effects on the vibration frequency. The decrease in the peak height in the FFT spectra was mostly due to the decrease in the amplitude of individual vibration, although the waveform became somewhat irregular at higher vanadate concentrations. In this particular example, the peak-to-peak amplitude of vibration was typically -7 nm in the absence of vanadate (Fig . 3 A, upper  figure) , while it decreased to N2 nm in the presence of 1 pM vanadate (Fig. 3 C, upper figure) .
N-ethylmaleimide (NEM), ' a thiol agent, is also known to be a potent blocker of the ATP hydrolysis by dynein (Shimizu and Kimura, 1974) . We found that the effect of NEM was similar to that of vanadate ; it reduced the vibration amplitude, but not frequency, in a time-dependent manner. Although brief NEM treatment of axoneme is known to increase its ATPase rate (Shimizu and Kimura, 1974) , no increase in vibration frequency or amplitude was observed .
Direction of Vibration in Axonemes Firmly Attached to a Glass Surface
For an understanding of the mechanism of the high frequency vibration, it is important to determine the direction of vibration . For this purpose we monitored the movement of microbeads in the x-and y-directions simultaneously. With usual specimens, however, it was not easy to tell in which direction the vibration actually occurred, because the amplitude of random Brownian motion was greater than that of the regular motion . Furthermore, although many beads tended to vibrate regularly only in the x-direction (parallel to the axoneme axis) as shown in Fig. 4 A, some displayed regular vibration in both x-and y-directions (Fig . 4 B) . Random movements were usually more pronounced in y-direction than in x-direction, resulting in a trajectory of the move- The large random movement appeared to result from loose attachment of axonemes to the glass surface . We therefore coated the cover slips with poly-lysine to make the attachment firmer, and found that such a treatment actually suppressed the random movements . After the poly4ysine coating of the glass, fewer microbeads (<10% of the total microbeads attached to axonemes) showed active vibration, although more axonemes became attached to the glass . In those small numbers of microbeads that still displayed active vibration, the movement was observed to occur predominantly in the x-direction . Fig . 4 , C and D show two such cases, where random motion in the y-direction was reduced almost to the noise level of the equipment while the regular vibration in the x-direction clearly persisted . Unlike the vibration observed without the poly-lysine coat, the vibration observed in these firmly attached axonemes sometimes (N40%) displayed nonsinusoidal waveforms, with amplitudes significantly larger than those observed without the poly-lysine coat (Fig. 4 D; see below) . It was, however, always evident that the vibration occurred predominantly in the x-direction in these experiments.
Correlation of Motion between two Micrbeads on an Axoneme
To confirm the above conclusion that the vibration occurs predominantly in the x-direction, we analyzed the crosscorrelation of motion between different microbeads attached to the same axoneme (e.g., microbeads I, II and III in Fig .  5 ) . In this experiment, poly-lysine was not used because we wanted to eliminate the possibility that we may artificially create a directionality.
When a microbead vibrates with a constant frequency, the autocorrelation function of its position will show a periodic wave with peaks at times 0, p, 2p, 3p, . . . , where p is the C TIME (ms) TIME ( . Note that, in C and D, the vibration occurred mostly in the x-direction, i.e., in the direction ofaxonemal length; random motion in the y-direction was clearly reduced by the poly-lysine coating of the glass surface . In the latter two cases, amino-type polystyrene beads (see Materials and Methods) were used to prevent direct attachment ofthe beads with the glass surface . Sample : Anthocidaris crassispina. Temperature : 28°C.
vibration period (as can be seen in curves IxI% and II.-II, in Fig. 5 ). This analysis, like an FFT analysis, is thus useful for detecting the time constant of a given movement . When two microbeads vibrate at the same frequency but with a certain phase difference, their cross-correlation function will also become a periodic wave. In such a case, however, the peak position will be at 0 + axoneme, however, were found to vibrate exactly in phase in the x-direction . Two microbeads attached to the same axoneme vibrated at the same frequency in -80% of the cases in which vibration was detectable. In other instances, one of the two beads showed no vibration, or beat at a frequency different from that of the other. We were surprised to find that whenever the two beads beat at the same frequency, the cross-correlation function between their movements in the x-direction was almost identical with the autocorrelation function of the movement of each bead, not only in period but also in phase (compare IxI, with IxII and H,,-H, with II.-HI, in Fig. 5) . The cross-correlation between two vibrating microbeads in 18 cases, in which the distance between two beads ranged from 4.7 to 41 jAm, indicated that the phase difference in vibration should be less than the time resolution of our apparatus, 1 ms . This result indicates that an entire outer doublet moves virtually uniformly in the x-direction in a vibrating axoneme. These findings indicate that, in agreement with the conclusion from the observation on axonemes firmly attached to the glass surface, the direction of vibration is predominantly longitudinal . It is most likely that the vibration is due to a back-and-forth shearing motion between two groups of the outer doublets, one group adhering to the glass surface and the other moving together with the microbead (see Discussion) .
Vibration Amplitudes
The axonemal microtubules can be thus regarded as stiffrods that move in unison in the longitudinal direction . Hence the vibration amplitude measured with suppressed Brownian movement should directly reflect the shearing length between microtubules . Some of these axonemes (ti40 %) vibrated with significantly larger amplitudes than those observed previously without using poly-lysine coat for unknown reasons . Examinations of these larger amplitudes revealed a striking feature : the amplitudes assumed stepwise values reflecting the size of tubulin .
Figs . 6 A, 7 A, and 8 A show regular vibrational motions in the longitudinal direction in three examples . We analyzed 150,000-200,000 data points for each, sampled at 10 kHz for 15-20 s . Fig . 6 shows an example in which the vibration seems sinusoidal, i .e ., forward and backward movements were symmetrical . This pattern of vibration was observed in -60% of -100 specimens where the vibration was detected . The histograms for the amplitudes of motion in both ascending and descending phase have the same Gaussian distributions with value of 4 .6 f 1 .1 nm (Fig . 6, B and C) . The amplitude was always <8 nm . The period of this vibration was 2.9 f 0.3 ms (Fig . 6 D) , i .e ., the mean frequency was 345 Hz . In this example, the two phases in the vibration wave, ascending and descending, were symmetrical and cannot be distinguished by amplitudes (Fig . 6 , B and C), periods (Fig.  6 D) or the plot of amplitudes vs periods (Fig . 6, E and F) . This means that the shearing motion was almost symmetric in both directions . It could then be described by D = 2 .3 x sin(2 .2 x T), where D and Tare the shear distance (nm) and time (ms) . The maximal velocity is calculated to be -5.0 gm/s; this is 1/2 to 1/3 of the sliding velocity estimated in beating axonemes. Fig . 7 shows an example of an asymmetric waveform, the ascending phase being faster than the descending phase . About 30% of the microbeads that underwent vibration displayed this pattern . In the ascending phase, the amplitudes were distributed around a single value of 12 .3 run (Fig. 7 B) . In the descending phase, on the other hand, the amplitudes were distributed near two discrete peak values of 4.1 and 12 .1 nm (Fig . 7 C) : the difference between the two peak amplitudes was ti8 nm, the size of a tubulin dimer. In relation to the occurrence of the two peak values, it is interesting to note thatthe movement inthe descending phase often seemed stepwise, owing to the presence of small shoulders (Fig . 7 A ; lowerfigure) . This step may reflect the cause for the occurrence of two peaks in the amplitude histogram . The periods displayed a single, narrow distribution around ti4 ms, with a small subpeak at ti3 ms (Fig . 7 D) . The maximal rate of the ascending and descending phases (amplitude/period) are -10 and -5 gm/s, respectively (Fig . 7, E and F). Analyses on different examples indicated that there was no consistent relationship between the asymmetry of vibration and the proximal-distal polarity of the axonemes . Fig . 8 shows another example where the amplitudes were unusually large . Patterns similar to this were observed in -10% of the microbeads that underwent vibration . The histogram of the peak-to-peak amplitudes shows four distinct peaks at 10.9, 19.8, 27.3 and 36.2 nm in the ascending phase (Fig . 8 B) , and five peaks at 3 .7, 10.8, 19 .6, 27.7 and 36.7 ran in the descending phase (Fig . 8 C) . The differences between these peak amplitude values are all close to 8 nm, the size of the tubulin dimer. In the ascending phase no peak was detected around 4 nm (Fig. 8 B) . Despite the occurrence of such discrete amplitudes, the vibration periods did not assume clear discrete values but were distributed around a broad peak at -6.5 ms (Fig . 8 D) . The rates of shearing both in the ascending and descending phases were almost constantly N10,um/s (Fig . 8, E and F) . Thus, in all of these three cases, the shearing rate was comparable with the rate of microtubule sliding observed in disintegrating axonemes . Kamimura Histogram of peak-to-peak amplitude from each peak to the next bottom, i .e., the amplitude ofthe describing phase. The averaged amplitude is 4.6 f 1.1 run (n = 5,036) . (D) Histogram of the interval between top-peaks. The averaged period is 2.9 f 0.3 ms (n = 5,093) . (E) Relationship between peak-to-peak amplitude and period of the ascending phase. (F) Relationship between peak-to-peak amplitude and period of descending phase. A total of 150,000 points were sampled at 10 kHz.
Highfrequency Vibration as Back-and-,forth Shearing between Two Groups ofOuter Doublets
Two independent experiments using a two-dimensional detector have established that the high-frequency vibration occurs primarily in longitudinal (x) direction . In the first experiment, we monitored movements in axonemes firmly attached to a poly-lysine-coated glass surface . In those axonemes whose random motion was suppressed, the vibration occurred only in the x-direction . The second experiment analyzed the cross-correlation between motions of two microbeads attached to the same axoneme. In all of the 18 cases that displayed a single vibration frequency, the movements of two microbeads were synchronized exactly in phase. This observation indicates that the high-frequency vibration does not involve propagation of minute bends but is a back-and-forth shearing of entire lengths of microtubules . If the movement involved bend propagation, the microbead motion should have differed in phase depending on their positions . Thus the high-frequency vibration differs from the ordinary axonemal movement in which a wave of curvature propagates from base to tip. This observation indicates that change in curvature is not a prerequisite for the generation of vibration .
The observation that two different microbeads on the same axoneme always beat in unison indicates also that the movement at a given moment is due to an active shear between a pair of outer doublets only, out of nine possible pairs ; if multiple pairs caused the movement simultaneously, the movement of two beads, which were not necessarily attached on the same outer doublet, would often have differed in phase . In those rare cases when two microbeads displayed two different vibration frequencies, or when a single bead displayed two discrete frequencies (Kamimura and Kamiya, 1989) , sliding might have been taking place between two or more pairs of outer doublets independently. Analyses on such rare cases will be reported elsewhere.
Why active shearing movement mostly occurred only between one pair of outer doublets is not understood . There may be particular pairs of outer doublets wherein dynein arms are activated more easily than in other pairs . Alternatively, under our experimental conditions, an active interac- Fig . 6 . In Fig . 7 B, a small peak appearing at -1 .5 run is an artifact caused by noises near the level of sampling threshold . The main peak has an average of 12 .3 t 1 .6 nm (n = 3,330) . In the descending phase (C), on the other hand, the amplitudes were distributed around two discrete peaks with averaged values of 4.1 f 1.1 (n = 883) and 12.1 t 2.0 run (n = 2,631) . tion ofdynein arms with the adjacent outer doublet may occur so rarely that the probability of simultaneous activation of two or more pairs may be very low. This interpretation is possible since we typically observed the high frequency vibration with only 1/5-1/3 of the total microbeads attached to the axonemes .
Amplitude and Frequency ofAxonemal Vibration
As we have reported previously (Kamimura and Kamiya, 1989) , the concentration of ATP and vanadate, a potent dynein inhibitor, affected the frequency or amplitude of vibration . However, the amplitude and frequency varied more or less independently ; reduction in ATP concentration decreased the frequency with little effect on the amplitude, whereas vanadate and NEM decreased the amplitude without affecting the frequency.
The amplitude appears to reflect the number of active dynein arms, as long as it does not exceed 8 run (for the cases when it exceeds 8 run, see below), since it is lowered by inhibitors that decrease the number of active dynein arms; vanadate has been known to be a dynein inhibitor that brings dynein to a kinetical dead end (Shimizu and Johnson, 1983) , a state in which dynein binds to outer doublets only very weakly (Vale et al., 1989) . Probably NEM also reduces the number of active dynein by irreversibly inactivating it. The vibration amplitude may therefore reflect the force produced by the total dynein arms that interact with outer doublets . It may be that the amplitude is determined by the balance between the active force and an elastic load due to deformation of internal components of axoneme, such as inter-doublet links . If this is true, the axoneme displaying high frequency vibration must be considered to be working against a large internal elastic load . Such an internal elastic load may be present in intact axonemes, but not in protease-treated axonemes.
On the other hand the dependency of the vibration fre- The distinct peaks are at 10.9 ±2 .0nm(n=601),19.8± 1 .6 nm (n = 769), 27.3 ± 1 .8 nm (n = 1,031) and 36.2 ± 1 .3 nm (n = 140) inthe ascending phase (B), and at 3 .7 ± 1 .8 nm (n = 418), 10.8 ± 1 .6 nm (n = 408), 19.6 ± 1 .8 nm (n = 767), 27.7 ± 1 .8 nm (n = 1,023) and 36.7 ± 1 .6 rim (n = 131) in the descending phase (C) .
quency upon ATP concentration is similar to that of the sliding velocity of microtubules in disintegrating axonemes, or of the beat frequency in reactivated axonemes . All show Michaelis-Menten type dependence with an apparent Km for MgATP of -100 p.M, a value more than 50 times higher than the Km observed in ATP hydrolysis by dynein (Johnson, 1985) . The reason why the microtubule sliding rate decreases at low ATP concentrations is not totally clear. However, it is possible that a small fraction of dynein arms devoid of ATP and ADP are present at low ATP concentrations, and that these arms impede microtubule sliding through their strong interactions with the outer doublet . The effect of lowered ATPconcentration, then, differs from the effect of vanadate which does not promote strong interaction between dynein and outer doublets .
The MgATP concentration dependence of sliding velocity or of flagellar beat frequency differs from that of the force generated by sliding microtubules (Kamimura and Takahashi, 1981) . Oiwa and Takahashi (1988) have measured the force produced by outer doublets in sea urchin axonemes at various MgATP concentrations, and found that the maximal force developed was almost constant over a concentration range of 3 .5-350 p.M . If these properties hold true also in the present system, where microtubules slide only in a nanometer range, the observation that the vibration amplitude did not vary with ATP concentrations is consistent with the above idea that the amplitude is determined by the force developed by dynein arms. If lower ATP concentrations decrease the sliding velocity while leaving the vibration amplitude constant, the vibration frequency would naturally decrease.
Four and Eight Nanometer Steps in Microtubule Shearing
The present study revealed that the vibration amplitude reflects the size of tubulin monomer and dimer. In view of the finding that microtubules in vibrating axonemes behave like stiff rods, we may expect that a high resolution recording of the microtubule movement will reveal steps of the size of tubulin, since the locations of different dynein arms relative to the tubulin with which they interact are identical along the axonemal length .
The mode of vibration varied depending on whether or not its amplitude exceeded 8 nm . In the majority of cases, the vibration curve was sinusoidal with peak-to-peak amplitudes ranging between 0 and 8 nm, as shown in Fig. 6 . The average amplitude was typically N4 nm, i .e., the size of the tubulin monomer (Fig . 6, B and C) . In experiments using polylysine-coated glass, however, the vibration sometimes had amplitude >8 nm . Analyses of amplitude in such cases revealed a novel feature : the peak-to-peak amplitudes tended to take stepwise values that can be expressed as A=8 xN+4nm, where N is an integer (> 0 or > 1, depending on the direction of shear . Fig. 7 and 8) . The amplitude steps thus reflect the molecular size of tubulin monomer and dimer. The occurrence ofsuch discrete values of amplitude could be explained by an assumption that the dynein arm has a tendency to start sliding at a tubulin subunit of one type (e .g., alpha tubulin) and stop at the other type (e .g., beta tubulin) in the same or other tubulin dimer that is located closer to the minus-end of the same protofilament (Fig . 9) .
It is important to note that the occurrence of discrete amplitudes does not necessarily mean that dynein arms have a tendency to slide stepwise : it only means that the amplitude of the sliding is limited by certain discrete lengths . Therefore, the molecular basis for the occurrence of stepwise amplitudes could be either in the mechanism for sliding itself or in the mechanism that regulates the microtubule sliding in axonemes.
Mechanism for the Highfrequency Vibration : a Model
As we have seen above, the high frequency vibration appears to occur as a shearing movement between a single pair of microtubules in a given moment . In order for a vibration to
The Journal of Cell Biology, Volume 116, 1992 Figure 9 . A model explaining occurrence of the stepwise amplitudes . A dynein arm starts sliding at one type ofa tubulin monomer, e .g ., alpha tubulin (0), to the other type of monomer (in this case beta tubulin) that is positioned in the minus direction on the same protofilament . If the dynein stops at the Nth beta tubulin, the slid ing amplitude will be 4 + 8 x N (run) . Since other dynein arms are located with a periodicity of multiples of the size of the tubulin dimer, all dynein arms along the length of the doublet should be under identical conditions with respect to their relative distance to alpha and beta tubulin .
occur, there must be antagonizing forces that alternate. Both of them can be active forces produced by dynein-microtubule interaction . Alternatively, only shear in one direction is caused by an active force and the other by a passive, elastic force . The symmetrical vibration profile in the majority of cases as shown in Fig . 6 , however, suggests that both of the two counteracting forces must be active, produced by different pairs of outer doublets . The mechanism that causes the switching between the two different active pairs should be of key importance for the understanding of the high frequency vibration . Although the present study has not established the mechanism for the switching, it has narrowed the possibilities . First, as we have seen above, curvature is not involved in this switching . Second, since vanadate and NEM decreased the amplitude to a level below the tubulin size while leaving the frequency constant, the absolute shear length may not be important either.
These considerations have led us to a model that will serve as a working hypothesis for future studies. We speculate that each phase, ascending or descending, of a particular vibration cycle is produced by a subfraction of dynein arms on one outer doublet . The subfraction ofdynein arms are in a particular state of ATPase cycle such that they can actively interact with the adjacent microtubule . The dynein arms would then produce force and slide until their energy level lowers to a critical point . We now assume that (a) the axoneme contains an elastic component whose tension increases steeply when stretched up to 4 nm ; (b) the cessation of force production is accelerated by the tensile force received by each dynein, i .e., the mechanical deformation of each dynein ; and (c) at the ATP concentrations used in the present study, the subpopulation of dynein arms that produce force are dissociated from the adjacent outer doublet immediately after the cessation of their force production . The cessation of force production can then be a cooperative process ; when some of the dynein arms stop producing force and detach from the microtubule, other dynein arms still producing force will receive more tension, which will then promote the cessation of force production . The dynein arms detached from the adjacent outer doublet hydrolyze ATP relatively slowly (compared to the vibration frequency), at a rate constant of 100-120fs (Shimizu et al., 1989) , and it is only some time after the hydrolysis that they can produce the force necessary for oscillation again . The next cycle of vibration is driven by other subpopulation of dynein arms that have not been engaged in force production in the previous cycle . Thus, ac-cording to our model, the vibration frequency does not represent the ATP turnover rate itself, but reflects the mean duration of force production by each dynein molecule.
With the above assumptions, outer doublets within the axoneme are expected to oscillate since an active shear in one direction will be followed by a movement in the opposite direction caused by an internal elastic force. However, such a mechanism may produce an asymmetric vibration in which only the movement in one direction is ATP dependent . The curve ofdisplacement vs. time will become a saw-tooth type. Thus, although these assumptions may be enough to explain some asymmetric vibrations such as those shown in Fig. 7 , these are not enough to explain the occurrence of symmetric vibration shown in Fig . 6 . This example probably resulted from two antagonizing forces produced by identical mechanisms . In such a case, dynein arms on two opposite rows must alternate in producing force. The mechanism that causes this alteration is difficult to imagine, but it may be that a passive shearing movement of doublets caused by elastic force triggers the active movement in the same direction . Alternatively, dynein may have a difficulty to interact with microtubules that are moving in the direction opposite to the direction of the force it generates .
We need more assumptions to explain the stepwise distribution of vibration amplitudes. We speculate that the axoneme contains two kinds of elastic components in parallel : a stiffer one working in the range of 0-4 nm, and the other, more elastic one, working in the range of the order of 10 nm. We assume further that the former (stiffer) elastic unit may be a microtubule-associated protein that can be displaced to the adjacent tubulin dimer (and thus move for the lengths of multiple of 8 nm) when appropriate force is applied . Some dynein subspecies may serve as this component . The latter, more elastic, component may correspond to the so-called interdoublet link or "nexin" link. The stepwise distribution of amplitude can then be explained by assuming different contributions from the two elastic components. The occasional appearance of steps in the vibration curve (Fig. 7 A) may be due to transient, weak association of the dislocatable elastic element with tubulin. We propose that the complicated distribution of amplitudes in Fig. 8 reflects the complicated properties ofthe overall elastic force, which affects the probability of the cessation of force production by dynein .
The above model is admittedly based on several assumptions that have little experimental support at present . It is to be examined whether the axoneme has two types of components that restrict the vibration amplitude . In an attempt to evaluate the contribution of elastic components to the vibration, we observed axonemes after briefly treating them with elastase ; we found that the vibration amplitude increased as the model predicts (unpublished results) . This supports the hypothesis that there are elastic component(s) that restrict the vibration amplitude . Although our model does not specify what conditions favor the occurrence of amplitude >8 nm, it is conceivable that some unknown mechanism regulates the behavior of the presumptive elastic components.
It also remains to be investigated whether the cessation of force production is accelerated by mechanical stress on dynein. This possibility has been supported by observations that dynein-microtubule interaction becomes unstable when dynein exerts large tension. In measurements of force proKamimura and Kamiya Nanometer-Scale Axonemal Vibration duced by sliding outer doublets using fine elastic glass needles, Takahashi and Kamimura (1983) and Oiwa and Takahashi (1988) have often experienced oscillation of the outer doublet bundles ; the oscillation tended to occur as the developed force reached some critical values (Kamimura, S., unpublished observation) . If the cessation of force production by dynein is actually accelerated by the tension it produces (and receives), dynein should be considered to be equipped with a mechanical switch that constitutes a feedback loop needed for oscillation . Dynein may be a mechano-chemical oscillator in itself.
Conclusion
We have shown that an analogue apparatus based on a quadrant photodiode and a sensitive amplifier can detect displacement of microbeads in two dimensions with a precision of subnanometer, and demonstrated that the outer doublet in flagellar axonemes undergoes a minute back-and-forth vibration at a frequency as high as 300 Hz . The vibration amplitude has been found to reflect the size of tubulin. Thus, this technique has offered an opportunity to look at the dynein-microtubule interaction at the level of a single tubulin with a high time resolution . The oscillatory movement raises the possibility that dynein has an intrinsic nature to oscillate when subjected to tension. Further analyses of the vibration should give us insights into the functional properties of dynein as well as the molecular mechanism of the flagellar and ciliary motility. Application of our technique to other motile systems would also be of great interest . The recent development in video microscopy has provided another means to detect subnanometer particle displacement, and has already revealed novel features in biological movements (Gelles et al., 1988) . The time resolution of a video-based method, however, is usually limited to 1/60 s or so. Detection of nanometer-scale displacements at higher time resolution as used in this study may reveal still more striking features in many biological phenomena.
